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ABSTRACT
Mitochondria were isolated from Mucor racemosus and DNA was purified from 
these organelles by cesium chloride/ethidium bromide isopycnic centrifugation. 
Examination of mitochondrial DNA samples with a transmission electron microscope 
revealed a circular mitochondrial chromosome approximately 63.8 kbp in length. 
Summation of restriction fragments of mitochondrial DNA separated by agarose gel 
electrophoresis yielded a comparable value of 63.4 kbp for the size of the intact 
molecule. Electrophoretic mobility and stoichiometry were determined for restriction 
fragments generated using nine different restriction enzymes. A physical map was 
deduced from single and double digestions of mitochondrial DNA with several 
of the restriction enzymes. The locations of the large and small ribosomal RNA genes 
were mapped and found to be contained in reverse orientation within a repeated region 
of the mitochondrial genome. This construction yields two populations of 
mitochondrial DNA molecules, possibly generated through a homologous 
recombination mechanism.
INTRODUCTION
Mucor racemosus is a dimorphic, facultatively anaerobic zygomycete which is 
capable of vegetative growth in either a filamentous form or as spherical yeasts. Yeast 
development in Mucor normally occurs under anaerobic conditions, and mycelial 
development occurs in an aerobic atmosphere. The fact that yeast or filamentous forms 
may be induced by controlling the atmosphere of incubation makes Mucor a suitable 
model for studying the control and regulation of morphogenesis (Bartnicki-Garcia, 
1963). Many species of Mucor have a notable commercial impact, as their fermentative 
capacities find use in ethanol production and can cause significant damage as food 
spoilage agents. Several species of Mucor are known opportunistic pathogens that 
infect immunosuppressed human hosts in the hyphal form to cause a rare infection 
called mucormycosis. Several other dimorphic fungi including Candida albicans, 
Histoplasma capsulatum, and Blastomyces dermatidis are capable of causing disease in 
humans and each displays only a single morphology within invaded host tissue. 
Understanding the principle factors regulating morphogenesis may produce improved 
strategies for controlling the diseases caused by these agents.
Factors correlated with morphogenesis in Mucor include the atmosphere of 
incubation (Bartnicki-Garcia and Nickerson, 1962), the presence of a fermentable 
hexose (Bartnicki-Garcia, 1968), the rates of protein and RNA synthesis (Orlowski and 
Sypherd, 1977, 1978), and changes in the level of cyclic adenosine 5'-monophosphate 
(Larsen and Sypherd, 1974). By noting differences in polypeptide expression, Phillips 
and Borgia (1985) were able to show that oxygen independently controls cell 
morphogenesis and the mode of cellular energy metabolism in Mucor. The responses 
to oxygen may be linked by common regulatory elements affecting mitochondrial 
function and gene expression.
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Mitochondria are not autonomous elements functioning independently in the 
cytoplasm of the cell. The majority of mitochondrial proteins are encoded by nuclear 
genes, synthesized in the cytoplasm and transported into the mitochondria (Schatz and 
Mason, 1974). The mitochondria of animals, plants and fungi do, however, contain 
their own genetic systems of double stranded DNA which is usually circular in form. 
The mt DNA codes for some 24 different transfer RNAs, two ribosomal RNAs and 8- 
12 proteins (Tzagoloff and Myers, 1986). Work with maize mitochondria has shown 
several examples of stage-specific and tissue-specific patterns of polypeptide synthesis 
from within the mitochondria (Newton and Walbot, 1985). Mitochondrial DNA has 
also been implicated in the control of the expression of a cell surface antigen in certain 
strains of mice (Smith et al., 1983). Deletions of regions of mitochondria genomes are 
associated with the formation of stopper mutants of Neurospora crassa (Gross et al.,
1984) and the senescent phenotype of Podospora anserina (Turker et al., 1987). 
Recently, Schon and coworkers (1989) have shown that two related mitochondrial 
myopathies in humans, the neuromuscular disorders Kearns-Sayre syndrome and 
progressive external opthalmoplegia, are associated with large deletions in the 
mitochondrial genomes of affected patients. These sections of mitochondrial DNA in 
affected patients are lost by homologous recombination and code for components of the 
mitochondrial respiratory chain. It will be important to examine how mitochondria 
interact structurally, functionally and biosynthetically with other components in Mucor 
during morphogenesis. The analysis of mitochondrial DNA and the factors that 
influence mitochondrial gene expression may provide pivotal insight into the control of 
dimorphism in Mucor racemosus and this should begin with a detailed knowledge of 
the mitochondrial genome structure and organization.
LITERATURE REVIEW
Mitochondria and Mucor Dimorphism
It has been known for over 100 years that Mucor may grow as either spherical 
yeasts or filamentous hyphae but the factor(s) that directly control this morphogenetic 
process still remain to be defined. The work of Pasteur published in 1876 noted the 
dimorphic capability of Mucor and correctly related morphologic conversions to the 
oxygen tension of the growth medium (Foster, 1949). The early 1960's produced the 
first systematic studies of the environmental and physiological parameters affecting 
Mucor dimorphism (Bartnicki-Garcia, 1963). Several environmental parameters are 
known to affect the morphology of Mucor but have varying effects on different species 
of Mucor. Despite this variation, typically, anaerobic conditions induce the yeast form 
and a fermentable hexose is required for growth of yeast. (Bartnicki-Garcia, 1968). 
The hexose requirement may reflect the absence of an anaerobic gluconeogenesis and 
differences in cell wall composition that exist between the yeast and hyphal forms. 
Hyphae have cell walls that grow by apical extension (Bartnicki-Garcia and Lippman, 
1972) and are relatively dense, thin and undifferentiated. In contrast, yeast wall 
deposition occurs by diffuse intercalation and creates thick fibrous walls of two distinct 
layers (Bartnicki-Garcia and Lippman, 1969). The main structural component of both 
yeast and hyphal walls are chitin and chitosan fibrils embedded in a matrix of 
glycoproteins and glycopeptides (Bartnicki-Garcia and Nickerson, 1962). The 
structure that the different growth forms take may rely heavily on factors that control 
cell wall deposition.
There is a subtle interplay between hexose concentration in the medium and the 
gaseous environment that controls cell morphology in different Mucor species. The 
presence of a high hexose concentration (8% glucose) induces the yeast form in M. 
genevensis under a 100% nitrogen atmosphere. However, if the high hexose 
concentration is maintained, M genevensis does not convert to the hyphal form when
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shifted to aerobic conditions (Rogers et al., 1974). Mucor racemosus and M. rouxii 
also require a fermentable hexose for growth in the yeast form (Sypherd et al., 1978; 
Bartnicki-Garcia and Nickerson, 1962). However, a glucose concentration as low as 
0.1% in combination with a 100% nitrogen atmosphere will suffice to generate the 
yeast form of M. racemosus (Mooney and Sypherd, 1976). M. rouxii is 
comparatively unresponsive to glucose except at very high concentrations under pure 
nitrogen, and hyphal forms are induced at a rate inversely proportional to the partial 
pressure of CO2  in the culture medium (Bartnicki-Garcia and Nickerson, 1962). 
Glucose affects the mitochondria of Mucor differently than it does the organelles of the 
well-studied ascomycetous yeast Saccharomyces cerevisiae. Glucose represses 
respiratory capacity in S. cerevisiae and causes poorly differentiated mitochondria 
called promitochondria to develop (Plattner et al., 1970). Mucor yeasts grown 
anaerobically in high glucose concentration have been shown to possess mitochondria 
with distinct cristae capable of respiration (Clark-Walker, 1972; Orlowski and Ji, 
unpublished) and the cells remain oxidative (Borgia et al., 1985).
Another strong correlate to morphogenesis in Mucor is the intracellular levels of 
cyclic AMP (cAMP). High levels of cAMP are found in yeast, regardless of whether 
the anaerobic conditions required for yeast formation are maintained with CO2  or 
nitrogen (Larsen and Sypherd, 1974; Orlowski and Ross, 1981). Internal cAMP 
concentration drops prior to the conversion of yeast to hyphae when cells are stimulated 
by a change of atmosphere from CO2  to air. Also, the cells show active respiration 
when exposed to air (Inderlied and Sypherd, 1978). Aerobic hyphae are converted to 
aerobic yeasts upon addition of cAMP to the culture medium, but only if a hexose is 
present (Larsen and Sypherd, 1974).
Other cellular factors and processes that are strong correlates of morphogenesis 
in Mucor include the enzyme ornithine decarboxylase (ODC) which catalyzes the 
formation of putrescine from ornithine. Putrescine is a polyamine that reportedly can
stimulate rates of transcription and translation (Algranati and Goldenberg, 1977; 
Abraham and Pihl, 1981). Putrescine levels are found to be four-fold higher in hyphae 
than in yeasts (Garcia et al., 1980) and ODC activity increases 30-50 fold when yeasts 
are induced to form hyphae by exposure to air (Inderlied et al., 1980). Ito et al. (1982) 
found that high levels of cAMP, like those found to hold Mucor in the yeast 
moiphology, inhibit ODC activity in M. racemosus. Protein and RNA synthesis rates 
also reportedly increase during yeast to hyphal morphogenesis in M. racemosus 
(Orlowski and Sypherd, 1977, 1978) and specific gene products are preferentially 
made (Hiatt etal., 1980).
Of all the factors influencing dimorphism in Mucor, oxygen per se seems to be 
least subject to type of mutant examined and species variation. Mooney and Sypherd 
(1974) introduced the concept of a volatile factor or morphogen to explain why Mucor 
grew unexpectedly as hyphae under low flow rates of nitrogen, yet grew as anticipated 
as yeasts under high flow rates of nitrogen. They hypothesized that faster flow rates 
removed this volatile morphogen. Phillips and Borgia (1985) showed, using more 
stringently anaerobic conditions, that as little as 1.2 pM dissolved oxygen stimulates 
M. racemosus to grow as hyphae. They indicated that low flow rates of nitrogen 
allowed small quantities of oxygen to leak through a Tygon tubing assembly, as used in 
the Mooney and Sypherd study (1976). Phillips and Borgia (1985) demonstrated that: 
i) hyphae are generated under microaerobic conditions, ii) differential polypeptide 
expression occurs during a yeast -to- mycelia transition under these conditions, and iii) 
oxygen controls this expression.
Even though respiration per se does not appear necessary for hyphal 
morphogenesis, there is evidence to link the need for functional mitochondria with the 
ability of M ucor  to undergo the yeast -to- hypha transition. Addition of 
chloramphenicol, which blocks mitochondrial protein synthesis, locks Mucor in the 
yeast morphology, as does the addition of inhibitors of electron transport and/or
oxidative phosphorylation (Friedenthal et al., 1974). The existence of conditional 
mutants in yeasts that are capable of respiration (Sypherd et al., 1978; Borgia et al.,
1985) argues against actual respiratory metabolism as the critical initiating factor in 
morphogenesis. This should not be surprising, as one distinctive trait of wild-type 
Mucor is that mitochondria are fully capable of respiration in either the yeast or hyphal 
form (Orlowski and Ji, unpublished). What is notable is that respiratory capacity 
increases rapidly upon aeration of anaerobically grown Mucor (Clark-Walker, 1972). 
What may be crucial is the signaling that the cells are being released from conditions 
favoring fermentative metabolism to conditions allowing respiration, such as a drop in 
hexose concentration, decreases in cAMP concentration, or entry of oxygen into the 
atmosphere of incubation. The need for a rapid increase in respiratory capacity in 
Mucor undergoing yeast-to-hypha transition could in part be communicated between the 
mitochondria and the nucleus via some cytoplasmic intermediate or directly via a gene 
product expressed by intact, functional mitochondria. Interactions between the nucleus 
and the mitochondria require a continuously operating regulatory system linking the 
two organelles, since mitochondrial biogenesis relies heavily on nuclear-encoded 
proteins. Butow and coworkers (Parikh et al., 1987), showed that the mitochondrial 
genotype in yeasts can influence nuclear gene expression. They found that S. 
cerevisiae mutants that are respiratory deficient (m it ' ) ,  or completely lacking 
mitochondrial DNA ( p °), respond to this condition by modulating the levels of nuclear 
encoded RNA (Parikh et al., 1987). They postulate that nuclear regulatory factors 
respond to the quality and/or quantity of mtDNA or mtDNA generated gene products. 
Jacobs and Londsdale (1987) point out that this communication between the nucleus 
and mitochondria may occur via the mitochondrial RNA polymerase core subunit of S. 
cerevisiae which can, in vitro, efficiently initiate transcription at the TATA box of a 
subset of nuclear Pol II promoters. They suggest that the mitochondrial polymerase 
may partition between organelles and be regulated by a polypeptide encoded by
mitochondrial DNA that interacts with or affects the core polymerase to allow the 
nucleus to respond to a change in mitochondrial condition. Such a framework for the 
regulatory relationship between nuclear-mitochondrial interactions in S. cerevisiae may 
explain why respiration per se is not an initial critical inducer of morphogenesis in 
Mucor . What may be required is a functional mitochondrial genome to produce 
functional mitochondrial gene product(s) as an early signal to the nucleus to allow 
morphogenesis to proceed under aerobic, nonfermentative conditions.
There are difficulties in interpreting the sometimes conflicting conclusions 
generated from studies that describe the physical, chemical and nutritional factors 
effecting the inducement or repression of morphogenesis in Mucor. Despite the fact 
that there may be strain specific aspects to the control of morphogenesis, there 
undoubtedly are common biochemical principles that underlie this change. Further 
analysis of the factors affecting mitochondrial biogenesis and gene expression that 
preceed the onset of morphogenesis will undoubtedly lead to a greater understanding of 
the process of dimorphism in Mucor.
Mitochondrial DNA
Mitochondrial genetic systems encode two ribosomal RNAs, at least 24 
different tRNAs and 8-12 proteins that include a ribosomal protein and various subunits 
of mitochondrial enzymes. The enzyme components include three subunits of 
cytochrome oxidase, as many as three subunits of the oligomycin sensitive-ATPase 
complex, the cytochrome b apoprotein and a polymorphic ribosomal protein, var 1 
(Tzagoloff, 1982). The overwhelming majority of mitochondrial proteins are encoded 
by nuclear genes and imported into the mitochondria in a predominantly post- 
translational fashion (Hay et al., 1984). Mitochondrial DNA (mtDNA) is usually 
circular in form, and can range in size from 16 kilobase pairs (kbp) found in humans 
(Anderson et al., 1981) to almost 2500 kbp in some higher plants species (Newton,
1988). Typical fungal mtDNAs are not as large as their plant counterparts but do range 
in size from 18.9 kbp in Torolopsis glabarata (Clark-Walker and Sriprakash, 1981) to 
176 kbp in Agaricus bitorquis (Hintz et al., 1985). Despite the diversity in size of 
mtDNA, notable among various groups of fungi, the genes encoded are fairly constant. 
The gene order among fungal mitochondrial genomes is diverse, with some well 
characterized species such as Saccharomyces cerevisiae having, for example, the large 
and small ribosomal RNA genes widely separated on the mitochondrial genome, and 
other species such as Podospora anserina showing these genes to be adjacent 
(Grossman and Hudspeth, 1985). The size of the mtDNA is not a direct measure of its 
genetic complexity. Studies on Saccharomyces cerevisiae mtDNA have shown that at 
least 50 percent of the 78 kbp molecule is composed of A+T rich sequences that do not 
code for proteins (Pruned and Bernardi, 1974). The tRNA genes punctuate the highly 
compact human mitochondrial genome,where no sizeable intergenic spaces are found at 
all (Anderson et al., 1981). The arrangement of tRNA genes in fungi is variable but, in 
Saccharomyces, they are found clustered in one-third of the genome (Dujon, 1981). 
The number of tRNA genes present in mitochondrial genomes represents the minimal 
number required to translate the genetic code. This is possibly due to the presence of 
an unmodified U in the first or wobble position of the anticodon, reading codons 
ending in A or G. Also, the genetic code of mitochondria differs from the standard 
genetic code in that, for example, UGA codes for tryptophan and not the 'universal' 
UGA stop codon (Browning and RajBhandary, 1982). RNA editing, broadly defined 
as a process that changes the mRNA sequence from the DNA template encoding it, has 
been described in plant mitochondria by two groups (Gualberto et al., 1989; Covello 
and Gray, 1989). Both groups have found that a C to U conversion in several plant 
mitochondrial mRNAs results in a corresponding change in the amino acid that was 
encoded. The amino acid changes results in increased conservation of protein 
sequences among plant mitochondrial proteins (Gualberto et al., 1989; Covello and
al., 1989; Covello and Gray, 1989). This editing of mitochondrial mRNA suggests 
that, at least in plants, mitochondrial translation utilizes the universal genetic code more 
than previously believed.
Introns are commonly found in fungal mitochondrial genes and contribute to 
size variation, as do the intergenic spacer sequences that are often seen in yeast 
mitochondrial DNA. Mitochondrial introns contain sequences that are important for 
RNA splicing and have several features in common which distinguish them from 
introns in nuclear genes coding for proteins. First, a consensus sequence at the 
exon/intron boundaries is not present. Second, several short sequences are conserved 
inside these introns. Third, these intron RNAs can be folded to give secondary 
structures that are similar and involve parts of the conserved sequences (Davies et al., 
1983: Grossman and Hudspeth, 1985). Some of the open reading frames that exist 
inside these introns code for trans acting factors called maturases that are essential for 
RNA splicing (Jacq et al., 1980). Introns have been grouped into two classes based on 
sequence homology and secondary structure. Group I introns are the kind most 
commonly found in mitochondria. They possess conserved sequence elements that 
direct their folding into conserved "core" secondary structures (Davies et al., 1983). 
Group II introns are known to form circular molecules after excision and the open 
reading frames located within these sequences share homology with retroviral reverse 
transcriptase genes (Tzagoloff and Myers, 1986).
Repeated sequences are also a feature of fungal and plant mitochondrial and 
chloroplast genomes. Inverted repeats have been found in the mtDNA of most 
oomycetes (Hudspeth et al., 1983; Boyd et al., 1984) and chloroplast genomes 
(Palmer, 1983). These inverted repeats are consistently found to contain genes for the 
ribosomal RNAs. One exception is found in the mtDNA of Candida albicans, where 
the large inverted duplication present does not appear to contain any sequences coding 
for ribosomal RNA (Shaw et al., 1989). Restriction site analysis of genomes that
10
contain these inverted repeats show the presence of two equimolar populations that 
differ only in orientation of the unique region. Homologous recombination between 
repeated regions is postulated to be responsible for this reorientation, similar to that 
found in the yeast 2 pm plasmid system (Broach and Hicks, 1980; Palmer, 1983).
The two ribosomal RNAs described in the fungal mitochondrial genomes code 
for transcripts displaying sedimentation coefficients of approximately 15S and 22S 
(Stewart, 1973). This compares with values of 18S and 25S for the structural RNAs 
of cytoplasmic ribosomes in most fungi (Lovett and Haselby, 1971). The large and 
small ribosomal RNA genes have been sequenced in the yeast Saccharomyces 
cerevisiae (Sor and Fukuhara, 1982, 1983) and are similar in size to those rRNAs in 
Escherichia coli. Many of the regions within these structural mitochondrial genes show 
significant homology between similar genes from widely diverse species. This 
similarity is the basis for the derived secondary structure comparisons as modeled by 
Woese et al. (1980). The analysis of these ribosomal gene sequences by Kuntzel and 
Kochel (1981) supports the endosymbiotic eubacterial origin of fungal mitochondria.
A great deal of progress has been made in understanding the structure and 
function of mitochondrial DNA and the contribution that this small genome makes to 
overall cellular growth and development. The mitochondrial genes contribute essential 
components to a fully functional mitochondrion. An understanding of the 
mitochondrial genome organization and gene activation during Mucor mitochondrial 
biogenesis will undoubtedly contribute key facts in attempts to understand the control 
of the dimorphic response in Mucor, especially as induced by oxygen.
MATERIALS AND METHODS
Organism and Culture Conditions
Mucor racemosus (M. lusitanicus, M. circinelloides) ATCC 1216B was used in 
all experiments. Stock cultures were maintained on a solid growth medium (YPG agar) 
composed of 2% (wt/vol) glucose, 1% (wt/vol) Bacto-peptone, 0.3% (wt/vol) Bacto- 
yeast extract, and 3% Bacto-agar (Difco Laboratories, Detroit, Michigan). The medium 
was adjusted to pH 4.5 with concentrated sulfuric acid. A small amount of aerial 
hyphae containing sporangiospores was inoculated onto the center of YPG agar plates 
(1 OOmm-diameter) which were incubated at room temperature (22°C - 25°C) for two to 
three weeks at which time stock cultures were transferred to fresh YPG agar plates. 
Liquid growth medium (YPG) was the same as described above minus the agar. 
Glucose was always autoclaved separately from other components of the medium.
Hyphal cells were used in these experiments as the source of mitochondria. 
Hyphae were generated from a sporangiospore inoculum. A sporangiospore 
suspension was prepared by pipetting 10ml of sterile distilled water into a 7 to 10 day 
old stock plate of M. racemosus. Scraping the submerged mycelial surface with a bent 
glass rod released the sporangiospores from the sporangia and suspended them in the 
liquid, leaving most of the sporangiophores and hyphae attached to the agar surface. 
The sporangiospores were inoculated at a concentration of 2 x 105 spores per ml into 
YPG media. Cultures were incubated on a rotary shaker at room temperature (200 
rpm) while bubbling filtered compressed air through the medium at a rate of >3 
volumes of air/volume of medium/min. Hyphal cells were harvested at mid-to-late log 
phase of growth.
Plasmids
Plasmids pYmA1248-2e, and pYml32 were provided as gifts of Drs. N. C. 
Martin and R. Butow. Plasmid pYmA1248-2e has a 3.5 kbp Hpa II fragment of
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mtDNA from the yeast Saccharomyces cerevisiae cloned into the Cla I site of pBR322.
The insert can be removed from the vector by digestion with the restriction enzymes
EcoR I and Hind III, and this insert contains the entire 21s rRNA coding sequence
without the l.lkbp intron found in co+ strains of S. cerevisiae. Plasmid pYml32
(Newman et al., 1980) has a 3.7 kbp fragment from S. cerevisiae (D273-10B) cloned
into the EcoR I site of pBR322. This insert contains the small ribosomal RNA gene. 
The E. coli strain HB101 [F ", hsd S20 (r"g , m 'g ), rec A13, leu B6, ora -14, proA2,
lacY 1, gal K2, rpsL20 (strr), xyl -5, mtl-1, supEAA X "] was used for plasmid 
propagation. Cells were grown on LB medium (lOg Bacto-tryptone, 5g Bacto-yeast 
extract and 5g NaCl per liter, pH 7.5) with ampicillin (50 fig/ml) to select for plasmid- 
borne antibiotic resistance. The methods used for calcium chloride cell transformation 
and large scale plasmid DNA isolation by alkaline lysis have been described by 
Maniatis et al. (1982).
Isolation and Purification of Mitochondria
Hyphal mycelia were collected by suction filtration through Whatman No. 4 
filter paper in a buchner funnel. Growth media was removed by rinsing the hyphal pad 
with distilled water followed by homogenization buffer containing 0.44M sucrose, 
lOmM Tricine-KOH (pH 7.5) and 5mM EDTA ; 0.05% (wt/vol) cysteine was added 
just prior to use of buffer. Excess moisture was removed from the hyphal pad by 
blotting. The hyphae were ground to a fine powder in liquid nitrogen using a mortar 
and pestle. The powder was not allowed to thaw during grinding or prior to 
resuspension. All reagents were kept on ice and resuspensions were carried out in a 
cold room (0-4°C). The powder was resuspended in buffer containing 0.33M sucrose, 
lOmM Tricine-KOH and ImM EDTA at a 1:10 ratio of powder to buffer. The powder 
was gradually added to rapidly stirring buffer to prevent clump formation, as clumps, 
once formed, were difficult to disperse. Homogenates were filtered through Miracloth
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and centrifuged at 1000 x g for 5 minutes, 4°C, to remove nuclei and cell debris. The 
supernatant fraction was transferred to clean bottles and the centrifugation repeated two 
to three times until no pellet was formed. In preliminary experiments, the 
mitochondrial suspension was purified by sucrose density gradient centrifugation 
(Hanson et al., 1986). When used, the low speed centrifugation step was performed 
only once to remove contaminating nuclei from the mitochondrial suspension. The 
supernatant fraction was centrifuged at 14,000 x g, 30 min at 4°C, to pellet the 
mitochondria. The mitochondrial fraction was gently resuspended in three to four 
volumes of buffer containing 0.33M sucrose, 500 raM KC1, 50 mM CaCl 2  and 25mM 
Tris-HCl ( pH 7.5). The resuspended mitochondrial fraction was sedimented at 14,000 
x g for 20 min at 4°C. An equal volume of NET buffer (150mM NaCl, lOOmM Tris- 
HCl, pH 8.0 and ImM EDTA) was used to resuspend the washed mitochondria, to 
which 100 (ig/ml of proteinase K were added. When used, the DNAse I treatment of 
purified mitochondria was carried out as described by Marriot et al. (1984). The 
mitochondrial suspension was lysed on ice by the gradual addition of 0.1ml of 10% 
sodium dodecyl sulfate (SDS) dissolved in NET buffer and 0.2 ml of 20% Nonidet P- 
40 detergent per ml of lysate. The lysate was cleared by heating at 65°C for up to 40 
min, then incubated on ice for 10 min. For each 5 ml of lysate, 0.5 ml of NET buffer 
saturated with cesium chloride (CsCl) was added and the mixture was held at 4°C for at 
least four hours (up to 12 hours) to precipitate detergents, polysaccharides and 
proteins. The lysate was centrifuged at 17,000 x g for 20 min at 4°C and filtered, if 
necessary, through sterile Kimwipes. The CsCl concentration was adjusted to 1.58 
g/cm3 and ethidium bromide was added to the solution at a final concentration of 400 
pg/ml. The solution was centrifuged at 250,000 x g for 20 hours at 20°C using a 
Beckman type 75Ti rotor in a Beckman Model L8-70M ultracentrifuge. After 
centrifugation, the single band of mitochondrial DNA (mtDNA) was visualized under 
long-wave ultraviolet light (360 nm) and collected by side puncture of each gradient
tube with an 1 cc tuberculin syringe using a 16 g needle. The solution containing 
mtDNA was extracted three to four times with isopropanol saturated with CsCl 
dissolved in TE buffer (lOmM Tris-HCl, ImM EDTA, pH 8.0) to remove the ethidium 
bromide. The mtDNA solution was diluted with three volumes of TE buffer and 0.05 
volumes of 8M LiCl, then precipitated by the addition of two volumes of absolute 
ethanol at -20°C overnite. Precipitated mtDNA was sedimented by centrifugation at
12,000 x g for 20 min at 4°C, dried under vacuum and resuspended in TE buffer. The 
concentration of the DNA was determined by measuring the absorbance at 260 nm.
Restriction Enzyme Analysis
Restriction endonucleases were obtained from Sigma Chemical Co., St. Louis, 
Missouri, or Bethesda Research Laboratories (BRL). Digestions were carried out with 
10-20 units of restriction enzyme per pg mtDNA, in a final volume of 20 pi, using 
conditions specified by the manufacturer. When mtDNA was digested with two 
restriction enzymes, reagents of the first digestion were separated from the mtDNA 
prior to the second digestion by precipitation with five volumes (lOOpl) of absolute 
ethanol at -80°C for 20 min. MtDNA was pelleted by centrifugation for 10 min in an 
Eppendorf microfuge, 12,000 rpm, at 4°C. The supernatant was discarded and the 
pellet air dried for 30 min at room temperature. The mtDNA was resuspended in 10 pi 
water and digested with the second restriction enzyme. Restriction enzyme fragments 
were separated by electrophoresis on horizontal 0.5-0.9% agarose gels using Tris- 
borate-EDTA buffer (0.089 M Tris, 0.089 M boric acid, 0.002 M EDTA) at 40V for 12 
to 14 hours. Gels used for Southern transfer to nitrocellulose (Southern, 1975) were 
0.7% agarose to maximize the number of restriction fragments retained for 
hybridization analysis (see below). Restriction fragments of X DNA and pBR322 were 
used as standards. Ethidium bromide (0.5 pg/ml) was included in the gel and the 
running buffer. Gels were destained with deionized water containing ImM MgSC>4 for
30 min at room temperature. Gels were illuminated with long wave ultraviolet light 
(302 nm) and photographed on Polaroid type 55 positive/negative film using a Polaroid 
MP-3 industrial camera with a red filter. The negatives were treated with 12% (wt/vol) 
sodium sulfite, washed with water, rinsed with appropriately diluted Photo-flo 200 
solution and air dried.
Southern Blots and Hybridization
DNA was transferred from agarose gels to nitrocellulose filters and DNA-DNA 
hybridizations were carried out as described by Maniatis etal. (1982), except that calf 
thymus DNA was used instead of salmon sperm DNA to saturate non-specific binding 
sites on nitrocellulose membranes. Nitrocellulose filters were preincubated at 65°C in 
6X SSC, 5X Denhardt's solution (Denhardt,1966), 0.5% SDS and 25 pg/ml calf 
thymus DNA for two to four hours. Probe DNA was nick translated (Rigby et al., 
1977) using a-[ 32P]deoxyadenosine-5'-triphosphate (dATP), radiospecfic activitiy 
approximately 1000 Ci/mmole, New England Nuclear Corp. Radiospecific activities of 
incorporated label were 10 7-10 8 cpm/ [ig DNA. Labeled DNA was separated from 
unincorporated 32 P-labeled dATP on Sephadex G-50 equilibrated with TE buffer. 
Fresh hybridization buffer (6X SSC, 5X Denhardt's, 0.5% SDS) was added to the 
filter before adding heat denatured probe DNA and calf thymus DNA. The final 
volume of the hybridization buffer was 50 pl/cm2 of nitrocellulose. Hybridization was 
carried out at 65°C for 12 to 18 hours with gentle agitation. Filters were washed at 
room temperature in 2X SSC and 0.5% SDS for five min then in 2X SSC and 0.1% 
SDS for 15 min with gentle agitation. The filters were then transferred to 0.1X SSC 
and 0.5% SDS and incubated at 65°C for 1 hour with gentle agitation. The filters were 
rinsed with 0.1X SSC and 0.5% SDS at 65°C for 15 min at least three times until 
background radioactivity was reduced. The filter was exposed to Kodak X-Omat AR-5 
film with Kodak X-omatic regular intensifying screens at -70°C for 3 days to 2 weeks.
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Electron Microscopy
Mitochondrial DNA obtained from purified Mucor mitochondria was prepared 
for electron microscopy by CsCl density gradient centrifugation as described above or 
by osmotic lysis of the organelle followed by ion-exchange column chromatography. 
In the osmotic lysis procedure, the purified mitochondria were lysed by the addition of 
an equal volume of lysis solution containing 0.4% SDS, 20mM EDTA and 30mM 
NaCl (Koller and Delius, 1982). The mixture was incubated at 25°C for 30 minutes 
then treated with 100 pg/ml of proteinase K (Sigma Chemical Co.) for 1 hour at 37°C. 
The lysate was clarified by centrifugation for 5 min at 4°C in an Eppendorf 
microcentrifuge (12,000 rpm). The supernatant fraction containing mtDNA was 
purified by ion-exchange chromatography using the Nucleic Acid Chromatography 
System (NACS) in prepackaged NACS-52 resin columns from Bethesda Research 
Laboratories. The procedure used was that of Garon and Peterson (1987). Briefly, 
both single and double stranded nucleic acid molecules larger than 1 kbp were bound to 
the column in 0.5 M NaCl, lOmM Tris-HCl and ImM EDTA (pH 8.0). The column 
was washed with the same buffer. Supercoiled mtDNA was eluted with 0.8 M NaCl, 
lOmM Tris-HCl and ImM EDTA (pH 8.0). The solution containing mtDNA purified 
by CsCl density gradient or a NACS 52 column was drop dialyzed using Millipore V 
series membranes (0.05 micron pore size) versus 1000 volumes of lOmM Tris-HCl 
and ImM EDTA (pH 8.0) as described by Marusyk and Sergeant (1980). The 
mitochondrial DNA was mixed with the dimer form of pBR322 (8,726 bp) as standard 
(Sutcliffe, 1978), to a final DNA concentration of 0.05 |Lig/ml spreading solution, using 
the microdrop diffusion technique of Lang and Mitani (1970) as modified by Evenson 
(1977). The mixture was spread for electron microscopy onto 200 mesh copper grids 
coated with parlodion and carbon and shadowed with platinum/palladium (80:20) at an 
8 degree angle, 8 to 10 cm away from the source of vaporizing metal in a vacuum 
evaporator unit (8 x 10 "6 torr). The grids were then viewed under the JEOL 100CX
transmission electron microscope and photographed at 6,000 to 26,000 fold 
magnification. The photographs were enlarged and length of the molecule measured 
using an Apple He digitizer.
RESULTS
Isolation of Mitochondria and Mitochondrial DNA
Mitochondria were isolated from Mucor racemosus by disruption of the cell wall by 
grinding hyphae frozen in liquid nitrogen with a mortar and pestle, followed by differential 
centrifugation. Mitochondria were effectively purified from the cell lysate, which 
contained contaminating chromosomal DNA from intact and broken nuclei, by using 
repeated low speed (1000 x g) centrifugation. Examination of the purified mitochondrial 
fraction by electron microscopy revealed a predominance of intact mitochondria, broken 
membranes and no intact nuclei (data not shown). The mitochondria appeared somewhat 
swollen with a reduced number of cristae due to osmotic instability during fixation of the 
mitochondria for electron microscopy (G. Ji, personal communication). Mitochondria 
were lysed by detergent and mitochondrial DNA (mtDNA) was purified from this extract 
by cesium chloride /  ethidium bromide (CsCl /  EtBr) density gradient centrifugation and 
yielded a single band of DNA when centrifuged to equilibrium. Typically, 30 to 40|ig of 
purified mtDNA was recovered from 60g wet weight of mycelium.
The procedure of Hudspeth et al. (1980) has been successfully used to isolate 
mtDNA from Oomycetes and Ascomycetes (Grossman and Hudspeth, 1985). This 
isolation protocol was used in preliminary attempts to isolate mtDNA from M. racemosus, 
but yielded mtDNA of insufficient quantity and purity for use in restriction enzyme analysis 
and electron microscopy. Cell wall digestion by the enzyme Zymolase, as described in the 
Hudspeth protocol, would not be effective due to the chitin-chitosan composition of Mucor 
cell walls (Bartnicki-Garcia,1968). Purification of mitochondria using sucrose step- 
gradient centrifugation in preliminary experiments resulted in unacceptably low recovery 
(< 50%) of intact mitochondria from the unpurified mitochondrial fraction. Treatment of 
these crude mitochondrial fractions with DNAse I was done to remove chromosomal DNA 
released from nuclei that ruptured during the isolation procedure. Repeated washing of this
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DNAse I-treated mitochondrial fraction failed to remove or inactivate this enzyme. 
Mitochondrial DNA isolated from DNAse I-treated mitochondria appeared intact, but was 
degraded when subjected to restriction enzyme digestion conditions and analyzed by gel 
electrophoresis (data not shown). The buoyant densities of nuclear and mtDNA of Mucor 
are identical (1.697 g/ml), which is equivalent to a G+C content of 38% (Villa and Storck, 
1968). This prevented separation of contaminating chromosomal DNA from the mtDNA 
released in the lysis of the crude mitochondrial fraction, followed by the CsCl / 
bisbenzimide equilibrium gradient centrifugation, as described in the procedure of 
Hudspeth et al. (1980).
Electron Microscopy of Mitochondrial DNA
DNA samples isolated from purified Mucor mitochondria using differential 
centrifugation and detergent lysis, followed by CsCl /  EtBr equilibrium gradient 
centrifugation and ethanol precipitation were mostly composed of linear molecules when 
examined with the electron microscope. None of the linear molecules measured exceeded 
20 microns in length. Two forms of circular molecules, open circular and partially 
supercoiled, were observed using the microdrop diffusion technique for spreading the 
DNA for electron microscopy (Lang and Mitani, 1970). The frequency distribution of the 
lengths of these two forms of DNA measured from electron micrographs can be seen in 
Figure 1. The values in this figure are expressed as a percent of the total length of DNA 
measured for each form. The dimeric form of plasmid pBR322 (8726 base pairs) was 
included in all mtDNA samples prepared for electron microscopy as an internal standard to 
permit the conversion of measured DNA contour lengths into base pairs. Commercially 
prepared (BRL) monomer form of pBR322 (4363 base pairs; Sutcliffe, 1978) was also 
examined in separate experiments using identical spreading conditions to verify the 
accuracy of the use of the dimer form as an internal DNA standard. The contour lengths of 
these DNA molecules are summarized in Table 1. The mean length of four fully relaxed
circular molecules purified M. racemosus mitochondria was 23.2 ±1 .6  microns, which is 
equivalent to 63.8 ± 3.8 kilobase pairs (kbp), based on the mean measured length of the 
dimer form of pBR322 (Table 1). One such open circular molecule is presented in Figure 
2. These four molecules represented 75% of the total DNA length of all open circular 
forms measured (Figure 1) and approximated the size of the mitochondrial chromosome 
estimated by restriction enzyme analysis (see below). Three other smaller open circular 
molecules were noted that measured approximately 10 microns in length. The nature of 
these molecules could not be determined with this analysis, although mitochondrial 
plasmids have been documented in Neurospora (Collins et a l, 1980). Two distinct size 
ranges of partially supercoiled DNA molecules were found in this study. The first size 
range was derived from DNA samples obtained by CsCl /  EtBr isopycnic centrifugation 
and ethanol precipitation that resulted in recovery of ten partially supercoiled molecules 
with a mean length of 20.7 ± 3.5 microns, which is equivalent to 56.9 ± 9.6 kbp (Table 
1). A representative partially supercoiled molecule is shown in Figure 3. This mean length 
for the partially supercoiled molecules is similar to the value estimated for the length of 
mtDNA analysed by restriction endonuclease digestion (see below). The greater variation 
in size measured in the partially supercoiled forms compared to the open circular forms was 
due to the difficulty in accurately tracing supercoiled regions of DNA from electron 
micrographs. Unbroken circular molecules were seldom observed, presumably due to 
extensive DNA breakage during sample purification (Hollenberg et al., 1970). Several 
methods of rupturing mitochondria and collecting mtDNA were tried to obtain a larger 
fraction of intact mtDNA molecules for electron microscopy. A sample of mtDNA was 
taken directly from the CsCl / EtBr gradient, omitting the isopropanol extraction and 
ethanol precipitation of the mtDNA prior to spreading the DNA for electron microscopy. 
Extensively supercoiled molecules were observed and were not measured. A brief 
exposure of DNA samples collected from the CsCl /  EtBr bromide gradients to ultraviolet 
light was necessary to obtain partially supercoiled molecules that had no more than 20%
supercoiling. All five molecules measured with this modification were larger than 35 
microns and comprised the second size class of partially supercoiled molecules (Figure 1). 
One of these molecules is shown in Figure 4. These larger circular molecules could be 
catenated replicative intermediates or circular dimers of mitochondrial DNA but could not 
be conclusively identified due to supercoiling. Other means for extracting intact circular 
DNA that were tried included rupturing mitochondria by osmotic lysis (Koller and 
Delius, 1982). Debris from the lysate obscured any DNA molecules present in these 
samples. This lysate was subsequently purified with a prepackaged ion exchange mini­
column (NACS-52 Pre-Pac, BRL). This additional purification of the lysate resulted in a 
loss of most of the internal standard DNA (pBR322) and produced extremely condensed 
molecules that could not be measured.
Preliminary restriction enzyme analysis of M. racemosus mtDNA indicated the 
presence of sequences in the mtDNA that are repeated in reverse. Nicked mtDNA 
molecules that have inverted repeat sequences, if denatured and allowed to self-anneal, will 
form partial duplex molecules (Kolodner and Tewari, 1979) and can be detected by 
examination by electron microscopy. Mitochondrial DNA from M. racemosus taken 
directly from a CsCl /  EtBr gradient was nicked with ultraviolet light, denatured, allowed to 
re-anneal and examined by electron microscopy. The molecules consistently seen were 
single stranded DNA collapsed into "bushes" as a consequence of extensive intra-strand 
bonding (Barbour and Garon, 1987). Repeated attempts to modify the ionic conditions of 
the spreading solution to permit visualization of putative re-annealed double- stranded 
regions were unsuccessful. The presence of inverted repeat sequences in Mucor mtDNA 
could not be confirmed using this technique.
Preliminary experiments using the Lang and Mitani (1970) microdrop diffusion 
technique demonstrated that cytochrome c, type VI (Sigma) gave a more uniform protein 
matrix for the DNA to adsorb to than type III. Both type VI and type III cytochrome c are 
derived from horse heart tissue, but no trichloroacetic acid is used in the extraction and
purification of type VI. Residual trichloroacetic acid in the type III cytochrome c may 
affect protein conformation and uniform monolayer formation. Various concentrations of 
cytochrome c, type IV, were tested and a spreading solution at a final concentration of
2.0 pg/ml provided sufficient protein in the 40 pi microdrop reaction volume for 
monolayer formation on the parlodion/carbon coated grids. Detergents are known to 
disrupt the ionic condition of the microdrop reaction volume and the Lang and Mitani 
protocol recommended that all solutions used for DNA spreading be filtered with a triton- 
free 0.45 micron filter. This was not necessary when sterile containers and double-distilled 
water were used in all procedures and solutions. It was also noted that the sample DNA 
need not be dialyzed versus 1% ammonium acetate prior to its addition to the spreading 
solution as long as the sample added to the spreading solution was kept at a 1:50 (vol/vol) 
ratio. It was found that a concentration of 0.05 to 0.1 pg DNA/ml spreading solution was 
optimal if the DNA to be measured was larger than 10 microns. This prevents extensive 
overlap of the DNA adsorbed to the grid surface. Shadowing the DNA molecules from 
two directions at a 90 degree angle provided better contrast between the DNA and the 
protein matrix than did rotary shadowing at 30 to 60 rpm.
Restriction Enzyme Analysis
The single band of DNA obtained from CsCl/ EtBr equilibrium gradient was 
digested with various restriction enzymes and discrete fragments were separated by agarose 
gel electrophoresis. Typical agarose gel profiles are shown in Figures 5-9. This DNA was 
shown to be of mitochondrial origin by hybridization to portions of mitochondrial DNA of 
Saccharomyces cerevisiae. The two probes used, pYmA1248-2e and pYml32, contained 
the large and small ribosomal RNA genes from S. cerevisiae, respectively. The unit size of 
the mitochondrial genome of M. racemosus was determined to be 63.8 kbp, based on the 
average sum of the fragment sizes generated by using nine different restriction enzymes 
(Table 2). Fragment order was deduced from single and double digestions of three of
these nine restriction enzymes and overlapped in the physical map (Figure 10) to confirm 
the circularity of the mitochondrial genome that had been demonstrated by electron 
microscopy
Inverted repeat sequences of the Mucor mitochondrial genome were detected by 
restriction enzyme analysis and hybridization with probes containing the mitochondrial 
ribosomal RNA genes from S. cerevisiae. Most of the restriction enzyme digestions of 
Mucor mtDNA produced one or more fragments that were present in greater than equi- 
molar amounts. As in the model described for Achlya mtDNA by Hudspeth et al. (1983), 
the fragments were assumed to be twice-molar based on i) densitometer traces of ethidium 
bromide-stained gel photographs, and ii) the observation that a twice-molar assignment to 
these fragments yielded a genome size equivalent to that measured in digests apparently 
having all fragments in equimolar amounts. When double digestions were performed, 
these twice-molar fragments were cleaved to yield additional twice-molar fragments that 
were smaller in size. This indicates that the population of fragments in a twice-molar band 
is homogeneous and leads to the conclusion that there is sequence reiteration in this portion 
of the molecule (Boyd et al., 1984). Regions of repeated DNA in most chloroplast DNAs 
and some fungal mtDNAs are arranged in an inverse orientation and contain the large and 
small ribosomal RNA genes (Palmer,1983; Hudspeth et al., 1983; Boyd et al., 1984; 
McNabb et al., 1987). One exception is the mitochondrial genome of Candida albicans in 
which the inverted duplication apparently does not contain sequences coding for ribosomal 
RNA genes (Shaw et al., 1989). Examination of Mucor mtDNA digested with Pst I and 
hybridized to the large and small ribosomal RNA gene probes illustrates the presence of the 
inverted repeat regions that contain both ribosomal RNA genes (Figure 5,lane 8;Figure 8, 
lane 4). Pst I does not cleave within the inverted repeat of Mucor mtDNA but does cleave 
the single copy region in an asymmetric manner relative to the inverted repeat. As noted by 
Hudspeth et al.( 1983), only fragments that originate in one unique region and terminate in 
the other unique region can display alternate orientations due to recombination between
repeated regions of DNA. Intramolecular homologous recombination can reverse the 
orientation of the unique region and create two distinct molecules that differ only in the 
relative orientation of the single copy region found between the repeated sequences 
(Palmer, 1983). The four largest fragments in the Pst I digest are present in sub-molar 
amounts and are indicative of of this type of orientational heterogeneity. The largest and 
smallest sub-molar fragments (34 and 9 kbp) are the Pst I DNA fragments that span the 
repeated regions in one orientational isomer. These fragments encompass the same region 
of the chromosome as the two intermediate-size Pst I fragments that are derived from the 
alternate orientational isomer (32 and 11 kbp). All four sub-molar fragments hybridize to 
the large and small ribosomal RNA gene probes. The repeated region does not extend 
beyond the smallest sub-molar Pst I fragment which is 9 kbp in size.
The co-migration and cross-hybridization of nuclear DNA with mtDNA containing 
the large and small ribosomal RNA genes was tested by attempted hybridization of nuclear 
DNA from S. cerevisiae encoding cytoplasmic ribosomal RNA that had been cloned into 
probe pYIrI6 (Petes et al., 1978). The Mucor homologue of this 10 kbp repeat unit DNA 
was shown to be present in trace amounts in mitochondrial DNA isolated from M. 
racemosus. This nuclear DNA was rarely evident as discrete bands of DNA in ethidium 
bromide-stained agarose gels, but their location was noted and considered for each 
restriction digest when constructing the restriction map for the M. racemosus mitochondrial 
genome. The sizes of the DNA restriction fragments hybridizing to the nuclear ribosomal 
gene probe pYIrI6 were identical to those described in the 6.4 megadalton nuclear 
ribosomal repeat unit restriction map of Mucor racemosus (Cihlar and Sypherd,1980). 
There was no cross-hybridization of the nuclear ribosomal RNA gene probe to DNA 
fragments that contained either the large or small ribosomal genes of the M ucor 
mitochondrial genome. In addition, the plasmid pBR322 (vector sequence of all probes 
used in this study) showed no homology to any fragments based on attempted 
hybridization to restriction digests of the Mucor mitochondrial genome (data not shown).
DISCUSSION
Mitochondrial DNA has been isolated from Mucor racemosus and shown to be 
a circular molecule, approximately 63.8 kbp in length as viewed by transmission 
electron microscopy. Electrophoretic mobility and stoichiometry were determined for 
restriction fragments generated by digestion with nine different restriction enzymes. 
Summation of restriction fragments of mtDNA analysed by agarose gel electrophoresis 
yielded a comparable value of 63.4 kbp for the size of the intact molecule, with a 
portion of the DNA sequence repeated in a reverse orientation. The isolation of purified 
mitochondrial DNA proved to be difficult due to the damage sustained by the organelles 
during mechanical disruption of the chitin/chitosan-containing hyphal cell walls of 
Mucor. Polysaccharide contamination was reduced by collecting hyphal cells in mid­
log phase of growth prior to arthrospore formation and filtering the mitochondrial lysate 
to obtain mtDNA that could be completely digested by restriction endonucleases. 
Preparations of mtDNA contained fragments ranging from a small portion of full length 
molecules to a large portion of the DNA sheared at intermediate lengths. This random 
shearing was observed when the mtDNA was examined by electron microscopy and, as 
a result, the largest fragments were less likely to be, observed. The largest fragments 
may be further obscured from accurate measurement by contaminating chromosomal 
DNA. Nuclear DNA contamination was effectively reduced by maintaining osmotic 
stability of the nuclear membranes during homogenization of hyphae and removal of 
intact nuclei by repeated low speed centrifugation of the cell lysate. Attempts to remove 
residual nuclear DNA from the mitochondrial suspension by DNAse I, prior to 
organelle lysis, yielded mtDNA contaminated with DNAse I enzyme. Marriot et al. 
(1984) have shown that DNAse I penetrates damaged mitochondrial membranes and 
prevents the removal of the enzyme from the mitochondrial suspension. The mtDNA 
isolated from these DNAse I treated mitochondria appeared intact, but was degraded
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when digested with restriction enzymes even when this mtDNA was purified by cesium 
chloride /  ethidium bromide (CsCl/EtBr) equilibrium gradient centrifugation and ethanol 
precipitation (data not shown). Mitochondrial membrane damage also contributed to 
the low recovery of purified mitochondria by sucrose step-gradient centrifugation.
Mucor mtDNA has a G+C content of 38% (Villa and Storck,1968) which is 
similar to that found in mtDNA of Neurospora, but is distinctively different from the 
high A+T content of 74% found in Saccharomyces cerevisiae (Dujon, 1981). Nuclear 
DNA could not be separated from mitochondrial DNA based on buoyant densities in 
CsCl/EtBr equilibrium gradients in this study, as the G+C contents of nuclear and 
mtDNA in M ucor are nearly identical (Villa and Storck, 1968; Storck and 
Alexopoulous, 1970). This physical characteristic made the commonly used procedure 
of Hudspeth (1980) impractical, as it bases the separation of nuclear from mtDNA on 
buoyant density differences. Nuclear DNA contamination of mtDNA preparations was 
tested with a probe from Saccharomyces cerevisiae containing the large and small 
nuclear ribosomal RNA genes (Petes et al. 1978). Only trace amounts of nuclear DNA 
were evident by hybridization, and those nuclear fragments detected matched the 
physical map of the nuclear ribosomal repeat unit for M. racemosus (Cihlar and 
Sypherd,1980). These nuclear DNA fragments did not co-migrate with or cross- 
hybridize to fragments of mtDNA that contained the small and large ribosomal RNA 
genes (data not shown). Weakly hybridizing bands are evident in some blots (Figures 
5-8) and are likely due to incomplete digestion or shearing of the mtDNA. This is 
particularly notable with the enzymes Bam HI and Sph I. Hybridization of fragments 
generated by incomplete digestion indicate fragments adjacent to those containing the 
mitochondrial ribosomal gene probes. This pattern was evident in single and double 
digests with Bam HI and Sph I, but not with other restriction enzymes. The restriction 
sites of these two enzymes are nearly identical and neither digest the mtDNA 
completely. Other enzymes used in this study consistently cleaved the mtDNA to
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produce identifiable fragments, particularly in double digests, that distinctly hybridized 
with the ribosomal probes. Atttempts to remove inhibitors from the mtDNA and even 
changing suppliers for the restriction enzymes did not alter the digestion patterns for 
the Bam HI and Sph I digests. The hybridization conditions used in this study were 
stringent and greatly reduced the possibility of cross-hybridization of the mitochondrial 
ribosomal gene probes with heterologous sequences.
The electron microscopic visualization of mitochondrial DNA from M. 
racemosus revealed a circular molecule of approximately 63.8 kbp in size, based on the 
measurement of four fully relaxed, open circular molecules. The largest circular 
molecules are under-represented when reported as numbers of molecules for each 
length, due to breakage during sample preparation (Kolodner and Tewari,1979). To 
reduce this bias, the data are presented as length of circular DNAs as a percentage of the 
total length measured for each form (open circle/partially supercoiled;Figure 1). 
Various sized molecules were seen (Table l;Figure 4) when mitochondrial lysates were 
examined using the DNA microdrop diffusion technique developed by Lang and Mitani 
(1970). The smaller molecules could be circularized nuclear ribosomal RNA genes that 
are known to exist in M . racemosus total DNA preparations as 6.4 megedalton repeat 
units (Cihlar and Sypherd, 1980). The circular DNA molecules that are larger than unit 
size (Figure 4) may be replicative intermediates or dimers formed by recombination. 
These multimeric forms were not included in the size estimation of the partially 
supercoiled forms summarized in Table 2 due to extensive supercoiling in portions of 
these molecules. In all five multimeric molecules, at least 30 microns of open circular 
DNA was evident. Circular dimers constitute as much as 3-4% of the circular 
chloroplast molecules from higher plants . Circular dimers larger than unit size could 
form from two monomer units joined by homologous recombination between the 
inverted repeat regions (Kolodner and Tewari,1979). The inverted repeat regions of 
Mucor mtDNA are present in two orientational isomers as evidenced by the Pst I
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digests described in the Results section. This scheme is modeled in Figure 11, as 
adapted from Palmer (1983). The two isomers appear to be in equal proportion which 
supports the idea that recombination occurs between the repeated regions and may be 
similar to the specialized recombination system found in the yeast 2 |im plasmid 
(Broach et al., 1982). This plasmid system reportedly contains sequences that code for 
its own gene product, a "flipase", that contributes to the recombination process. It 
would be interesting to determine if any mitochondrial gene sequences in Mucor are 
homologous to this 2 |xm plasmid found in yeast. Recombination between inverted 
regions can reverse the orientation of a single copy sequence but cannot delete one of 
the repeats, as is possible when the sequences are present as direct repeats (Kolodner 
and Tewari,1979). Palmer (1983) suggests that the inverted repeats may stabilize the 
genome and prevent major sequence rearrangements. It is possible that recombination 
between inverted repeats may contribute to the control of flanking gene expression or 
replication. Whether intergenic spacer sequences contribute to the large size of the 
Mucor mitochondrial genome compared to the highly compact 16 kbp human 
mitochondrial chromosome awaits further analysis by hybridization of known 
mitochondrial genes and transcript mapping. Detailed analysis of the large and small 
ribosomal RNA genes contained within the inverted repeats would provide information 
on the structure and organization of genes that are highly conserved over evolutionary 
time (Gray, 1989). The taxonomic status of the Zygomycetes could be clarified using 
such comparative mitochondrial genome analysis.
The integrity and functional capacity of mitochondria in Mucor may play a 
pivotal role during the morphology switch from yeast to hyphae. Micromolar amounts 
of oxygen in the atmosphere of incubation are known to stimulate the yeast-to-hyphal 
transition in Mucor (Phillips and Borgia,1985). Mucor mitochondrial membrane 
composition in yeast and hyphae differ, as evidenced by the differential negative 
staining seen when organelles were examined by transmission electron microscopy
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(Orlowski and Ji, unpublished). The lipid composition of the mitochondrial 
membranes may be responsible for the differences seen with the electron microscope. 
The affect of chloramphenicol on interrupting the ability of Mucor to switch from the 
yeast to hyphal form points to the importance of a functional mitochondrial genome 
(Friedenthal et al.,1974), even though the respiratory capacity of yeast cells is similar to 
that of aerobically grown hyphae (Orlowski,unpublished). It is possible that a 
mitochondrial gene product interacts with cytoplasmic factors, or is directly interactive 
with chromosomal DNA, to signal to the cell that respiratory capacity or some other 
mitochondrial function such as fatty acid metabolism can be rapidly increased to 
maintain the hyphal morphology in Mucor racemosus. Further investigations of the 
structure and expression of this mitochondrial genome may provide insight into the 
control of dimorphism of Mucor, particularly as it is influenced by the morphopoetic 
agent oxygen.
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Table 1. Length measurements of various circular DNA molecules isolated from purified mitochondria from Mucor
racemosus and examined by electron microscopy.
DNA
Molecule
Length (microns)
Open circular form Partially supercoiled form 
(unit length)*
mtDNA 23.2 + 1.6 20.7 + 3.5
n = 4 n=10
pBR322-dimer 3.17 + 0.1 n.a.
internal standard n = 76
pBR322-monomer 1.54 + 0.1 n.a.
(BRL) n = 73
n = number of molecules measured 
n.a. = not analysed.
Contour lengths + standard deviation (n-1) of molecules measured from photographs taken on JEOL 100 CX electron microscope 
quantified by Apple II digitizer. Dimer form of plasmid pBR322 (8726 base pairs; Sutcliffe, 1978) included as internal size 
standard in all mtDNA samples prepared for electron microscopy.
* Multimeric, partially supercoiled molecules listed in Figure 1.
Table 2. Mitochondrial DNA fragment sizes in kilobase pairs (kbp). Restriction map (Figure 10) based on indicated digestions (*).
(L) and (S) indicates hybridization with the large and small ribosomal RNA gene probes from Sacharomyces cerevisiae, respectively.
Fragment No. Pst 1* Sph I Bam  HI Kpn I* Sal I Bgl  II Xba I EcoRI* Hind HI
1 33.0 (L,S) 21.0 21.0 32.0 (L,S) 23.0 20.0 20.0 20.0 (L,S) 20.0 (L,:
2 9.0 (L,S) 14.0 14.0 16.0 12.0 (L) 6.5 (L,S) 7.4 (L,S) 12.0 14.0
3 6.5 10.0 10.0 10.0 (L,S) 12.0 (L) 6.5 (L,S) 7.4 (L,S) 12.0 10.0 (.L,
4 6.5 7.0 (L,S) 7.0 (L,S) 7.0 5.5 5.2 5.5 9.0 (L,S) 7.0
5 4.2 7.0 (L,S) 7.0 (L,S) 4.3 (S) 5.2 4.2 5.5 3.7
6 4.2 4.0 4.5 4.2 (S) 5.0 2.8 2.2 3.4
7 0.5 2.5 5.0 2.7 1.6 2.1
8 4.6 2.2 1.3 2.0
9 3.4 2.1
10 1.7 2.1
11 1.2 2.0
12 1.6
13 1.1
14 0.6
TOTAL 63.9 63.0 63.5 65.0 63.5 64.3 61.7 63.6 62.2
MEAN OF SINGLE DIGESTS = 63.4 ±  1.0 kbp
continued
Table 2. Mitochondrial DNA fragment sizes in kilobase pairs (kbp). Restriction map (Figure 10) based on indicated digestions (*).
(cont.) (L) and (S) indicates hybridization with the large and small ribosomal RNA gene probes from Sacharomyces cerevisiae, respectively.
Fragment No. Pst  I*
+
Eco RI
Sph I
+
Kpn I
Bam HI
+
Sph I
Kpn I*
+
Pst I
Sal  I 
+
Sph  I
Bgl  II
+
Sph  I
Xba I
+
Sph  I
1 20.0 (L,S) 18.0 21.0 32.0 (L,S) 12.0 (L) 20.0 20.0
2 9.0 (L,S) 14.0 14.0 9.0 (L,S) 12.0 (L) 6.5 (L,S) 7.4 (L,S)
3 6.5 7.0 (L,S) 10.0 6.5 10.0 6.5 (L,S) 7.4 (L.S)
4 6.5 7.0 (L,S) 7.0 (L,S) 4.4 9.0 5.2 5.5
5 5.5 6.5 7.0 (L,S) 4.2 5.5 5.2 4.2
6 4.2 2.5 4.0 4.2 4.3 (S) 5.0 2.8
7 4.2 2.5 0.5 1.7 4.2 (S) 5.0 2.7
8 2.2 2.5 0.65 2.8 4.0 2.2
9 2.2 0.5 2.5 3.4 2.1
10 1.6 0.49 1.7 2.1
11 1.3 1.2 2.0
12 0.6 1.6
13 1.1
14 0.6
TOTAL 6 2 . 6  6 3 . 0  6 3 . 5  5 9 . 4 4  6 2 . 3  6 4 . 3  6 1 . 7
continued
Table 2. Mitochondrial DNA fragment sizes in kilobase pairs (kbp). Restriction map (Figure 10) based on indicated digestions (*).
(cont.) (L) and (S) indicates hybridization with the large and small ribosomal RNA gene probes from Sacharomyces cerevisiae, respectively.
Fragment No. Xba I
+
Eco  RI
Eco RI
+
Kpn I
Eco RI
+
Hind I I I
Hind III  
+
Xba I
1 10.0 20.0 (L,S) 20.0 (L,S) 15.0
2 10.0 9.0 (L,S) 12.0 7.4 (L,S)
3 7.4(L,S) 9.0 9.0 (L,S) 7.4(L,S)
4 7.4(L,S) 6.0 5.5 4.2
5 4.2 6.0 3.7 3.8
6 3.0 5.5 3.4 2.8
7 2.8 4.0 2.1 2.2
8 2.7 1.6 2.1
9 2.4 1.6 2.1
10 2.2 1.3 1.6
11 1.6 0.6 1.5
12 1.5 1.3
13 1.4 1.2
14 1.1 1.1
15 0.6 0.6
16 0.5
17 0.4
TOTAL 5 8 . 3  6 4 . 6  5 5 . 7  5 5 . 2
o
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Figure 1. Frequency distribution of the DNA released from lysed mitochondria of 
Mucor racemosus and examined by electron microscopy. The values 
expressed are the percentages of the total DNA lengths measured for each 
form.
I  open circular form Q  partially supercoiled form
Length (microns)
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Figure 2. Electron micrograph of a relaxed, open circular mitochondrial DNA 
molecule isolated form Mucor racemosus. The internal standard DNA is 
the dimeric form of the plasmid pBR322, 8726 base pairs (arrow). 
Magnification 30,000 X. Measured length of the mtDNA molecule is 
22.6 microns.
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Figure 3. Electron micrograph of partially supercoiled mitochondrial DNA molecule 
from Mucor racemosus. Standard DNA included is dimer form of 
pBR322, 8726 base pairs (arrow). Magnification 26,000 X. Measured 
length of the mtDNA molecule is 21.5 microns.
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Figure 4. Electron micrograph of partially supercoiled DNA molecule from 
mitochondria of Mucor racemosus. Internal DNA size marker is dimer 
form of pBR322, 8726 base pairs (arrow). Magnification 20,000 X. 
Measured length of this molecule is 34.2 microns.
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Figure 5. Horizontal 0.7% agarose gel electrophoresis of Mucor racemosus 
mitochondrial DNA and hybridization of ^^P-labeled plasmid 
pYmA1248-2e containing the large ribosomal RNA gene from 
Saccharomyces cerevisiae. For each lane (A) depicts the electrophoresis 
of each restriction digest and (B) depicts the autoradiogram of the blot 
transfer hybridization of (A). Lane contents: lane 1, Eco RI and Hind 
III, lambda DNA; lane 2, Sph I, mtDNA; lane 3, Bgl II and Sph I, 
mtDNA; lane 4, Bgl II, mtDNA; lane 5, Kpn I, mtDNA; lane 6, Kpn I 
and Sph I, mtDNA; lane 7, Kpn I and Pst I; lane 8, Pst I, mtDNA. 
Molecular size standards (kilobase pairs) are listed to the left of the gel.
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Figure 6. Horizontal 0.7% agarose gel electrophoresis of Mucor racemosus 
mitochondrial DNA and hybridization of 32p-labeled plasmid 
pYmA1248-2e containing the large ribosomal RNA gene from 
Saccharomyces cerevisiae. For each lane (A) depicts the electrophoresis 
of each restriction digest and (B) depicts the autoradiogram of the blot 
transfer hybridization of (A). Lane contents: lane 1, BstE II, lambda 
DNA; lane 2, Xba I, mtDNA; lane 3, Xba I and Sph I, mtDNA; lane 
4, Bam HI, mtDNA; lane 5, Bam HI and Sph I, mtDNA; lane 6, Sal I, 
mtDNA; lane 7, Sal I and Sph I, mtDNA. Molecular size standards 
(kilobase pairs) are listed to the left of the gel.
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Figure 7. Horizontal 0.7% agarose gel electrophoresis of Mucor racemosus 
mitochondrial DNA and hybridization of ^2p_xabeled plasmid 
pYmA1248-2e containing the large ribosomal RNA gene from 
Saccharomyces cerevisiae. For each lane (A) depicts the electrophoresis 
of each restriction digest and (B) depicts the autoradiogram of the blot 
transfer hybridization of (A). Lane contents: lane 1, Eco RI and Hind 
III, lambda DNA; lane 2, Eco RI and Xba I, mtDNA; lane 3, Eco RI, 
mtDNA; lane 4, Eco RI and H ind  III, mtDNA; lane 5, Hind III, 
mtDNA; lane 6, Hind III and Xba I, mtDNA; lane 7, Xba I, mtDNA. 
Molecular size standards (kilobase pairs) are listed to the left of the gel.
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Figure 8. Horizontal 0.7% agarose gel electrophoresis of Mucor racemosus 
mitochondrial DNA and hybridization of 32p-]abeled pYml32 plasmid 
DNA containing the small ribosomal RNA gene from Saccharomyces 
cerevisiae. For each lane (A) depicts the electrophoresis of each 
restriction digest and (B) depicts the autoradiogram of the blot transfer 
hybridization of (A). The following samples are displayed: lane 1, Eco 
RI and Hind III digest of lambda DNA ; lane 2, Eco RI digest, mtDNA; 
lane 3, Eco RI and Pst I, mtDNA; lane 4, Pst I mtDNA; lane 5, Eco 
RI and Hind III digest of lambda DNA; lane 6, Eco RI, mtDNA; lane 7, 
Eco RI and Kpn I, mtDNA; lane 8, Kpn I, mtDNA. Molecular size 
standards (kilobase pairs) indicated to the left of the gel.
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Figure 9. Horizontal 0.7% agarose gel electrophoresis of Mucor racemosus 
mitochondrial DNA and hybridization of 32p-iabeled pYml32 plasmid 
DNA containing the small ribosomal RNA gene from Saccharomyces 
cerevisiae. For each lane (A) depicts the electrophoresis of each 
restriction digest and (B) depicts the autoradiogram of the blot transfer 
hybridization of (A). The following samples are displayed: lane 1, Eco 
RJ and Hind III digest of lambda DNA combined with Sma I digest of 
lambda DNA; lane 2, Sph I digest, mtDNA; lane 3, Bam HI and Sph I, 
mtDNA; lane 4, Bam HI , mtDNA; lane 5, Xba I, mtDNA; lane 6, 
Xba I and Sph I, mtDNA; lane 7, Sal I, mtDNA; lane 8, Sal I and Sph I 
mtDNA; lane 9, Bgl II, mtDNA; lane 10, Bgl II and Sph I, mtDNA; 
lane 11, Bst Eli, lambda DNA. Molecular size standards (kilobase 
pairs) are indicated to the left of the gel.
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Figure 10. Physical map of the mitochondrial genome of Mucor racemosus. The 
circular mitochondrial genome has been linearized at a Pst I site. Location 
of the large and small ribosomal RNA genes indicated.
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Figure 11. Model for Mucor racemosus mitochondrial DNA isomerization via 
intramolecular recombination between segments of the inverted repeat. 
Shown are Pst I sites and fragments in kilobase pairs, location of inverted 
repeats (long, heavy lines) and RNA genes (boxes within the inverted 
repeat); (L) large ribosomal RNA gene, (S) small ribosomal RNA gene.
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